The propagation of myocardial contraction caused by the conduction of electrical excitation in the heart has been visualized in our previous study. However, it was assumed that the contraction propagated parallel to the heart wall and the propagation speed was constant within the measurement area. In the present study, we estimated the two-dimensional propagation speed of contraction at each local area by ultrasonic measurement, and examined the mechanism of the contraction propagation in the heart by calculating the spatial distribution of the propagation speed vectors. By applying the proposed method to the interventricular septum of the human heart, the propagation speed in the lateral direction was approximately 1.6 times faster than that in the beam direction. The significant difference in propagation speeds between the specialized and ordinary myocardia was detected successfully. This study suggests that the proposed method can detect the myocardial ischemic and arrhythmia regions non-invasively.
Local two-dimensional distribution of propagation speed of myocardial contraction for ultrasonic visualization of contraction propagation 1 . Introduction Approximately 9.4 million people worldwide die annually owing to heart diseases, and the number of deaths has been increasing. 1) Heart disease ranks top in the cause of death and constitutes 17% of all-cause mortality. Therefore, the prevention of the onset of heart diseases and their appropriate treatments are essential, and the development of a diagnostic method that can be applied repeatedly with high accuracy is required urgently. Conventionally, chest X-ray, 2) computed tomography, 3) magnetic resonance imaging, 4, 5) and medical ultrasound are typically used for the diagnosis of heart diseases. Ultrasonic diagnosis using medical ultrasound is highly useful because it is non-invasive in vivo, the equipment is comparatively inexpensive, and the minute movements and temporal changes of organs and blood vessels can be captured repeatedly in real time. [6] [7] [8] [9] [10] [11] [12] [13] The representative heart disease is an ischemic heart disease, and the important condition is myocardial infarction. The lesion where myocardial infarction occurs is known as the ischemic region, injured region, and infarct region in the order of disease progression.
14) The ischemic region is the region where the coronary narrows and the blood does not reach the myocardium. Fatal necrosis of the myocardium can be avoided by prompt re-perfusion in the ischemic region. In the next stage, i.e., the injured region, it is barely possible to avoid myocardium necrosis. However, recovery cannot be expected in the infarct region in which the myocardium is necrotic when the coronary narrows further and becomes blocked. Therefore, the non-invasive and rapid identification of the myocardial ischemic region is crucial for the diagnosis and subsequent appropriate treatments in the early stages of ischemic heart diseases.
To detect and identify the myocardial ischemic regions, it is necessary to first clarify the characteristics of myocardium in the normal condition. Detection of the myocardial contraction response caused by the conduction of electrical excitation in the heart has been studied, and the excitation process and myocardium contraction caused by the excitation have been confirmed. [15] [16] [17] [18] [19] We ultrasonically detected the pulsed minute vibration (displacement amplitude: 30 μm, velocity amplitude: 0.5 m s −1 ) that occurred with the myocardial contraction at 15 ms after delivering an electrical stimulus in the papillary muscle extracted from an isolated rat heart. 20) We measured the pulsed vibrations at about 10 000 points in the interventricular septum (IVS) in the time of conduction of the excitation at electrocardiographic QRS waves and at the occurrence of the first heart sound in the human heart, and confirmed the propagation of myocardial contraction. 21, 22) Moreover, we applied the ultrasonic measurement to both the IVS and left ventricular (LV) posterior wall in the human heart simultaneously, and confirmed the propagation of myocardial contraction along the conduction path of the electrical excitation. 23) Meanwhile, the detection and imaging of the myocardial ischemic regions have been studied. [24] [25] [26] [27] [28] [29] The propagation speed of the myocardial contraction response caused by the electrical excitation decelerated to 0.7 m s −1 in the ischemic region, whereas it was 1.2 m s −1 in the normal region in the open-chest canine heart. 30) We applied our ultrasonic method to the IVS of open-chest swine hearts, and compared the propagation speeds of myocardial contraction in the normal and ischemic myocardia. 31, 32) The estimated propagation speeds were 2.7 m s −1 in the normal myocardium and 1.4 m s −1 in the ischemic myocardium, and we confirmed that the propagation speed of myocardial contraction decreased by approximately 50% owing to ischemia.
However, it was assumed that the myocardial contraction propagated parallel to the heart wall and the propagation speed was constant within the measurement range in our previous study. A more detailed visualization of the propagation of myocardial contraction is required to establish the diagnostic method for the detection of the myocardial ischemic regions and demonstrate the propagation of contraction occurring in the heart physiologically. Although the method of estimating the propagation speed vectors was proposed in the past, 33) electrical activation of the myocardium was measured by electrodes attached to the epicardia in swine hearts, and the propagation of myocardial contraction was not measured non-invasively.
The propagation speed of myocardial contraction can be estimated by measuring the minute movements caused by contractions in the heart wall using ultrasound. The block matching method is used widely for measuring the movement. [34] [35] [36] In our previous study, the movement of the heart wall was measured by the block matching method, and the velocities with minute vibrations at multiple points in the myocardium were obtained. 37, 38) This method enables movements to be tracked by applying the cross-correlation method to the speckle pattern within a region of interest (ROI) in successive frames. Therefore, it was necessary to measure the RF signals with high-frame rates and to acquire them densely in the lateral direction. The high-frame-rate measurement was realized by transmitting diverging or plane ultrasound waves, as shown in Fig. 1(a) . The dense acquirement of the RF signals in the lateral direction was realized by forming the received beams densely. However, the amount of calculation increases in this method, and sophisticated diagnostic equipment is required. In addition, because the valves and the walls move quickly in the heart, the S/N decreases in the measurement using diverging or plane ultrasound waves. The measurement using focused waves is desirable to obtain the velocity with minute vibrations accurately at multiple points in the heart wall.
We realized the high-frame-rate measurement by transmitting focused waves sparsely, as shown in Fig. 1(b) . The myocardial contraction response that is the movement of the IVS to the apical side and to the LV side, was confirmed at the onset of ventricular contraction. 39) In the present study, we measured the movement of the IVS to the LV side, i.e., the contraction response of the IVS in the beam direction on the LV long-axis view at several thousands of points, and confirmed that the measured contraction response propagated in the lateral and beam directions at each local area. Further, 25 ms were required for the myocardial contraction to propagate within the measurement range, assuming that the propagation speed of contraction was 4 m s −1 , which is the upper limit of the conduction speed of electrical excitation, 40) and the measurement range of the propagation direction was 100 mm. The contraction propagation can be captured sufficiently by measuring using a frame rate of about 400 Hz. We estimated the two-dimensional propagation speed of myocardial contraction at each local area by ultrasonic measurement, and examined the mechanism of the contraction propagation in the heart by calculating the spatial distribution of the speed vectors. By increasing the number of subjects since the recent report, 41) we improved the reliability of the results, and discussed the results physiologically, in detail.
Methods

Measurement of velocity with minute vibrations in the myocardium
Because the focused waves were transmitted sparsely and the RF signals were not acquired densely in the lateral direction, the velocities with minute vibrations in the myocardium were obtained by applying the phased-tracking method. 42, 43) The phase difference t l ; q D ( ) of the received signals between the times t and t T + D at the center angular frequency 0 w was calculated, and the velocity v t l ; ( ) with minute vibrations at each time t was obtained by
where c 0 is the velocity of ultrasound in soft biological tissues, T D is the transmission interval of the ultrasonic pulse, and l is the distance from the center of surface of the ultrasound probe. The method stated above can be implemented with the current diagnostic equipment because only a small amount of calculation is involved.
Velocity waveforms with minute vibrations in the myocardium were obtained as shown in Fig. 2 by the phased-tracking method. Displacement waveforms obtained by integrating the velocity waveforms are also shown. Although several studies have reported the detection of myocardial contraction using displacement waveforms, 7, 8, 19, 27, 28, 30, [44] [45] [46] it is possible to measure not only the visible contraction but also minute vibrations caused by contraction using velocity waveforms. The contraction response at the time of the electrocardiographic QR interval representing the onset of ventricular contraction can be identified as the bimodal movements of myocardium toward the LV, i.e., the bimodal positive waveform in velocity waveforms, although the displacement waveforms were almost smooth. The bimodality of the contraction response has also been confirmed in our previous study, 31) and the event was associated with the myocardium contraction. It is possible to accurately detect the myocardial contraction response by analyzing the velocity waveforms with minute vibrations in the myocardium. Therefore, the velocity waveforms are useful for estimation of the two-dimensional propagation speed of myocardial contraction at each local area. 23, 32) The velocity waveforms of the beam direction with minute vibrations were obtained simultaneously at several thousands of points in the myocardium by the phased-tracking method. 42, 43) The arrival time difference of the contraction response was calculated using the velocity waveforms v t l ; 0 ( ) with minute vibrations at the reference position l 0 and v t l ; ij ( ) at the position l ij with the beam i and depth j from the probe. The reference position l 0 was set at the measurement position where the amplitude of the velocity waveform was the maximum in the correlation window among all the measured velocity waveforms. The delay time p t of the contraction response v t l ; ij ( ) at each position l ij from the contraction response v t l ; 0 ( ) at the reference position l 0 was determined by applying the cross-correlation method. The calculated delay time p t from the reference waveform v t l ; 0 ( ) was converted into the delay time ij t [s] from the electrocardiographic R wave representing the onset of ventricular contraction. The differences in the delay time of the contraction responses can be compared among multiple measurements by unifying the criteria for calculating the delay time.
Delay time measurement of myocardial contraction response
In the electrocardiographic QR interval at the onset of ventricular contraction, the peak at which the myocardium moved to the LV, i.e., the velocity with minute vibrations became positive, was regarded as the contraction response, and the center of correlation window was set at that time. The width of the correlation window was set to be the same as the width of the contraction response waveform, and the search area, that is the range to move the correlation window was limited to approximately 25 ms before and after the correlation window. The propagation time of myocardial contraction within the measurement range was calculated as 25 ms assuming that the propagation speed of contraction was 4 m s −1 , which is the upper limit of the conduction speed of electrical excitation, 40) and the measurement range of propagation direction was 100 mm.
Propagation speed estimation of myocardial contraction response
In Cartesian coordinates, the calculated delay time distribution ij t { } of the myocardial contraction response was expressed as x y , , xy t ( ) by the measurement position x y , ( ) and delay times . 
where a, b, c, d, e, and f are coefficients. In the present study, the size of the ROI for fitting the quadratic surface T x y , ( ) was 7.7 mm in the beam direction and five beams in the lateral direction. If the size of ROI is enlarged than the region that the quadratic surface can be fitted to the delay time distribution, the result becomes insufficient to fit the delay time distribution because of the lack of the degree in the fitting function, and the estimated result of T x y , ( ) becomes averaged. The delay time distribution within a ROI is shown in Fig. 3 , and it was judged that the quadratic surface can be appropriately fitted. The ROI along the delay time was not limited, and the correlation value for the reference waveform in the calculation of the delay time p t was used as the weight for fitting T x y , ( ) in contrast to the resent report. 41) Then, the variability in the propagation speed vectors was further reduced.
The two-dimensional propagation speed of myocardial contraction was subsequently calculated using the gradient of the surface T x y , . Because the local and two-dimensional propagation speed of myocardial contraction was estimated although only the average speeds were estimated in our previous study, 23, 31, 32) the estimation of spatial distribution of the propagation speed vectors became possible.
In vivo experiment
Experiment environment
In vivo measurement was applied to the IVS of three healthy males in their early 20 s using an ultrasound diagnostic . Figure 4 shows the acquired B mode image and the acquisition area of the RF data. The beam in the basal side in the heart was beam 0, and that in the apical side was beam 14. The B mode image in Fig. 4(a) was acquired with the frame rate of 63 Hz and 103 beams to identify the position of the IVS. Figure 5 shows the delay time distribution ij t { } of the myocardial contraction response. The reference position l 0 was set at approximately 33 mm in the depth from the probe in beam 7. The delay time increased from the basal side (beam 0) toward the apical side (beam 14), i.e., the myocardial contraction response propagated from the basal to apical sides, as in our previous study. The data for other heartbeats of the same subject and multiple heartbeats of two other subjects were analyzed similarly. Similar results were obtained for the delay time distribution ij t { } and propagation speed vectors v x y , .
Results
e 0 0 { ( )} Figure 8 shows the propagation speed in the lateral and beam directions at each position in five heartbeats for three subjects. The propagation speed in the lateral direction was distinctively faster than that in the beam direction in all subjects. The average propagation speeds in the lateral and beam directions were 1.1 ± 0.3 m s −1 and 0.7 ± 0.3 m s −1 , respectively. The propagation speed in the lateral direction was approximately 1.6 times faster than that in the beam direction. 
Discussion
In the human heart, electrical excitation occurs in the sinoatrial node near the right atrium, and its excitation propagates through the specialized myocardium (conducting system) such as the atrioventricular node, bundle of His, bundle branch, and Purkinje fiber, as shown in Fig. 9 . The surrounding ordinary myocardium which constitutes the walls in the atrium and the ventricle contracts by the electrical excitation in the specialized myocardium, and the heart acts as a pump to bring blood to all parts of the body. The propagation speeds of myocardial contraction in the bundle branch and Purkinje fiber inside the IVS were reported to be approximately 2-4 m s −1 from the basal to apical sides. 40) Meanwhile, that in the ordinary myocardium was reported to be approximately 0.3-1 m s −1 . 40, 47) In the lateral direction, the myocardial contraction propagated from the basal to apical sides in beams 3-14, as shown in Fig. 7(a) . In beams 3-14, because the specialized myocardium runs inside the IVS laterally, 14, 40, 47) the propagation direction of contraction coincided with that of the electrical excitation that causes the myocardial contraction. Meanwhile, in the beam direction, the contraction propagated from the LV to RV sides in beams 4-14, as shown in Fig. 7(b) . The right bundle branch (RBB) and left bundle branch (LBB) are the specialized myocardia in the RV and LV sides, respectively, on the surface of the IVS. Each bundle branch is connected to each Purkinje fiber. The RBB appears as a multifilament with 1-2 mm in diameter in the RV side on the surface of the IVS, whereas the LBB spreads like a fan widely in the LV side. 14, 48, 49) The RBB is difficult to be included in the ultrasonic measurement surface, whereas the LBB is easily included in it. When the RBB is not captured and only the LBB is captured by measurement, the propagation of contraction from the LBB is mainly measured, then the propagation from the LV to RV sides is observed. Therefore, it appears that the contraction propagation from the LBB and Purkinje fiber having a large distribution range was measured dominantly in the beam direction. Additionally, the presence of the specialized Fig. 6 . This is certainly because the position where the specialized myocardium entered into the IVS from the RV side was near beam 3, as shown in Fig. 9 . Because the specialized myocardium entered into the IVS with lower left direction to the beam direction, the contraction propagation of the positive component was measured in the lateral and beam directions, respectively.
The estimated direction of propagation in the beam direction varied significantly than that in the lateral direction. This is certainly because the estimation range of propagation speed was approximately 20 mm, corresponding to five beams in the lateral direction and 7.7 mm corresponding to 200 measurement points in the beam direction, and the range was insufficient to estimate the propagation speed in the beam direction accurately. Because the IVS thickness is approximately 7-12 mm, it is difficult to further expand the estimation range in the beam direction. Further investigations would be required to estimate the propagation speed of contraction in the beam direction accurately.
Moreover, the propagation speeds in the lateral and beam directions were 1.1 ± 0.3 m s −1 and 0.7 ± 0.3 m s −1 , respectively, and the propagation speed in the lateral direction was approximately 1.6 times faster than that in the beam direction. As mentioned above, the propagation speed of the specialized myocardium is reported to be faster than that of the ordinary myocardium. 40, 47) The contraction propagation in the lateral direction was affected by the specialized myocardium that runs laterally, whereas the contraction propagation in the beam direction reflected that in the ordinary myocardium. Therefore, the result indicates that the propagation speed in the lateral direction is faster than that in the beam direction. In the present study, the quadratic surface T x y , ( ) was fitted to the delay time distribution within the ROI (7.7 mm × 5 beams) at each measurement position x y , .
0 0 ( ) However, the further investigation about the size of the ROI and the fitting function are still needed. The appropriate fitting conditions could be proposed by changing the conditions and evaluating variability in the results among multiple heartbeats of the same subject under each condition.
Conclusion
In the present study, we estimated the local and twodimensional propagation speeds of myocardial contraction, and examined the mechanism of the contraction propagation in the heart by calculating the spatial distribution of the speed vectors. The spatial distribution of the propagation speed vectors of myocardial contraction was estimated, and the contraction propagation in the IVS was visualized in detail compared to the conventional method. Moreover, the propagation speeds in the lateral and beam directions were estimated as 1.1 and 0.7 m s −1 , respectively. The significant difference in propagation speeds between the specialized myocardium and ordinary myocardium were detected successfully.
The propagation of myocardial contraction reflected that of electrical excitation. Therefore, if the propagation of myocardial contraction could be visualized in detail by the proposed method, the identification of the myocardial ischemia region, and the detection of arrhythmia could be expected. In addition to the abnormality of the conducting system, the propagation of myocardial contraction when the abnormality occurred could also be visualized.
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